The electric field-induced antiferroelectric-to-ferroelectric phase transition is investigated through detailed measurements of electric polarization P, longitudinal strain x 33 , and transverse strain Author to whom correspondence should be addressed.
I. Introduction
Antiferroelectric crystals, in contrast to ferroelectrics, do not permit macroscopic polarization due to the offsetting anti-parallel alignment of electric dipoles. 1 However, an electric field-induced ferroelectric phase with parallel dipoles can be stabilized in these materials if an electric field of sufficient magnitude can be sustained before dielectric breakdown occurs. [2] [3] [4] [5] [6] [7] [8] At this critical field, EF, a large macroscopic polarization develops and significant volume expansion typically occurs. The manifestation of these parameters allows the reversible antiferroelectric-to-ferroelectric phase transition to be exploited for use in digital transducers, shape memory and energy storage devices.
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The most widely-studied antiferroelectric ceramic systems are those based on PbZrO3. [3] [4] [5] [6] [7] [8] [9] [10] In pure PbZrO3 the free energy difference between the ground-state antiferroelectric phase and the ferroelectric phase is sufficiently large to prevent an electric-field induced phase transition from occurring in bulk ceramic samples at ambient conditions. However, through chemical modification, the gap in free energies can be lowered such that the antiferroelectric-toferroelectric phase transition is realized at a sustainable electric field. This is accomplished, for example, in the PbZrO3-PbTiO3-PbSnO3 ternary system. 3, 4, 11, 12 Modifying the Zr 4+ site with Sn 4+ opens a tetragonal antiferroelectric phase space that borders a ferroelectric rhombohedral phase. 3, 5, 6 Compositions near this phase boundary can readily be transformed to the ferroelectric phase by externally applied electric fields. Altering the Ti 4+ doping concentration allows fine-tuning of the critical field EF for inducing the transition. 3, 4, 8, 11, 12 Other dopants, such as Nb 5+ and La 3+ , are commonly added to improve mechanical and electrical properties. 13, 14 4
In this study the characteristics of the antiferroelectric-to-ferroelectric phase switching behavior of Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 ceramics are investigated through detailed measurements of polarization and strains as a function of applied electric fields. The effect of temperature on phase stability is revealed by dielectric constant/loss and polarization versus electric field hysteresis loops at various temperatures. The transverse and longitudinal strains developed during electric field cycling in virgin samples and field-exposed samples (i.e. first vs.
subsequent cycles) are compared. Special attention is paid to the trends that developed as the Ti 4+ content is increased incrementally towards the antiferroelectric/ferroelectric phase boundary.
II. Experimental Procedure
Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 (abbreviated as PNZST43/100y/2) solid solutions with y = 0.060, 0.063, 0.067, 0.069, 0.071, and 0.075 were prepared using the solid state reaction method described previously. 8 Each sintered pellet was mechanically ground to a final uniform thickness of approximately 0.8 mm. After removal of surface layers, X-ray diffraction (Siemens D-500) was performed to check phase purity on representative samples. For electrical characterization the circular flat faces were polished using fine-grit sandpaper and sputter coated with Ag films to form electrodes. Dielectric characterization was performed at a frequency of 1 kHz using an LCZ meter (Keithley) in conjunction with an environmental chamber operating at a heating/cooling rate of 3°C/min. Electric field-induced polarization was measured with a standardized ferroelectric test system at ~4 Hz (RT-66A, Radiant technologies).
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The strain measurements were performed using a specially-designed setup that implemented three linear variable displacement transducers (two in the transverse direction perpendicular to electric field, one in the longitudinal direction parallel to electric field) to measure the electric-field induced strains (x11 and x33, respectively). 15 The electric field was supplied by a high voltage amplifier (Trek) in conjunction with a programmable function generator. All measurements were implemented using a bipolar electric field (Emax = ± 6 or 7 kV/mm) with a triangular waveform and a standard loading rate of 1 kV/mm per second, with the exception of the "fast" measurement, which was performed using a loading rate of 6 kV/mm
per second. Each sample tested was subjected to three consecutive electric field cycles during which all signals (electric field E, polarization P, longitudinal strain x33, and transverse strain x11)
were recorded simultaneously with a multi-channel oscilloscope.
III. Results and Discussion
(1). Crystal structure and dielectric properties X-ray diffraction was performed on the two end members of the compositional range studied (i.e. y = 0.060 and 0.075). The samples were in a virgin state and had experienced no electric field exposure. The results are shown in Fig. 1 . The diffraction patterns indicate that all compositions studied are phase-pure exhibiting a tetragonal distortion in the perovskite structure in the as-sintered state. This is evidenced, for example, by the splitting of the pseudo-cubic 6 {200}c peak observed over the 2θ range from 44° to 44.5°, as shown in the inset in Fig. 1 . The results are consistent with previous reports in the literature. [3] [4] [5] [6] Dielectric constant (εr) and loss tangent (tan δ) were measured as a function of temperature on all compositions studied. The results are displayed in Fig. 2 , where the arrows indicate either heating or cooling. The dielectric constant exhibits a peak at ~170 °C, marking the transition from the paraelectric single-cell cubic phase (PESC) to the multi-cell cubic phase (PEMC). 3, 12 This PEMC phase exhibits a plateau region in the εr versus T curves. function of increasing Ti content; the maximum εr recorded for the lowest Ti content sample (y = 0.060) is ~1400, but a peak value of ~2120 is observed in the highest Ti content sample (y = 0.075). As the Ti content increases, the peak corresponding to the AFET  PEMC transition (~120 °C) becomes sharper and more pronounced. Our previous study over wider compositional ranges showed that further increase in Ti content reduces the temperature range over which the AFET and PEMC phases are stable until they eventually disappear at y  0.12. 8 The εr versus T curve in such compositions exhibits a single peak at the Curie temperature without a plateau.
(2). Polarization versus electric field hysteretic behavior
An externally applied electric field is also an effective stimulus to induce the antiferroelectric to ferroelectric phase transition. Polarization versus electric field hysteresis loops were collected at room temperature on all compositions studied, as shown in Fig between EF and EF0 is that the latter refers the critical field at which the ferroelectric phase is induced from an as-sintered ceramic during the first quarter cycle of electric field application.)
However, upon field removal and subsequent switching of the electric field polarity, no reverse transition to the antiferroelectric phase is apparent. This suggests that the induced ferroelectric phase is metastable and is preserved at zero electric field. The results appear to be consistent with the loss tangent data displayed in Figs. 2(b) and 2(c): either the antiferroelectric (cooling) or ferroelectric (heating) phase can dominate at room temperature in PNZST43/7.5/2.
Using the terminology outlined by Yang and Payne, 4 the electric field-induced antiferroelectric to ferroelectric phase transition in y = 0.060 is classified as field-forced, whereas in y = 0.075 the phase transition is field-assisted. The distinction is marked by the stability of the induced ferroelectric phase as demonstrated in Fig. 3(c) . In this first-order phase transition, the free energy (G) of the induced phase becomes equivalent to that of the ground state phase at a critical field strength (E0). However, there exists an additional thermodynamic barrier that must be overcome to nucleate and grow the induced phase (which occurs at EF > E0); correspondingly, upon field removal, the induced phase remains metastable to a field strength EA < E0. This is why double hysteresis loops (each centered at ±E0) are observed in y = 0.060 and the phase transition is deemed field-forced. However, in the case of an as-sintered ceramic with composition y = 0.075, the antiferroelectric phase is metastable (i.e. GFE < GAFE, but the system
has not yet overcome the additional barrier to form the ferroelectric phase); thus, the electric field-induced antiferroelectric to ferroelectric phase transition is termed field-assisted. In general, the transverse strain magnitude is not observed to correspond directly to the applied electric field for all compositions. In samples with higher Ti content, the peak transverse strain during the first quarter cycle occurs at a field strength between EF0 and Emax. The transverse strain at Emax during the first quarter cycle is ~0.07% for all compositions. As the electric field is unloaded, the samples immediately expanded in the transverse direction. For increases. The result seems to suggest that the mechanical strain and the electric polarization are decoupled to some extent in these ceramics.
In order to clarify the critical electric fields pertaining to the complicated antiferroelectric  ferroelectric switching behavior in these ceramics, the strain x33 in the first electric cycle for composition y = 0.069 is replotted in Fig. 6(a) . EF and EA are taken as the onset of the sharply changing strain associated with the antiferroelectric to ferroelectric and the ferroelectric to antiferroelectric transitions, respectively. Analogous to the coercive field of a ferroelectric material, EC is determined by half the width of one strain hysteresis loop within one half-cycle of electric field application. The "0" subscripts indicate a value that is determined using the first half-cycle data from virgin samples. 
(4). Discussion
The observation that EA is negative in compositions y = 0.069, 0.071, 0.075 is significant.
It implies that the antiferroelectric phase can be recovered from the induced metastable ferroelectric phase by an electric field with the reversed polarity. Detailed analysis of this observation is provided elsewhere.
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Close examination of the variation of P, x33, x11 with E in the vicinity of EF reveals some interesting observations. Figure 7 shows the data during the third quarter-cycle of electric field application to the ceramic with composition y = 0.063. The difference between x11 and x33 is pronounced; while x11 and P appear to be synchronized in their variation with the applied electric fields, x33 is apparently decoupled from P. The electric field-induced antiferroelectric to ferroelectric phase transition is indicated by a sharp, almost instantaneous increase in x33, but is shown to be more gradual and persist over a wider electric field range by x11 and P. In addition, x11 and P start to change at a field strength (~2.2 kV/mm) lower than EF. Concurrently, x33 decreases slightly beyond this field strength until undergoing the aforementioned abrupt increase at EF. In other words, the ceramic contracts slightly in the thickness direction while expanding in the radial direction as EF is approached. At EF, dramatic expansion in the thickness direction occurs over a very narrow electric field range. These results are consistent with results reported on phase switching in lead lanthanum zirconate stannate titanate (PLZST) ceramics. 6 Although the antiferroelectric  ferroelectric phase switching is of displacive nature without diffusion involved, the electric field loading rate is observed to influence both the 14 polarization and strain development. Figure 8 offers a visual comparison of data measured at the standard loading rate of 1 kV/mm (corresponds to 0.042 Hz) and at the fast rate of 6 kV/mm (0.250 Hz) in composition y = 0.067. The same ceramic sample was used for both frequency measurements and underwent a thermal anneal prior to each to erase any history. While representative of what was observed in other compositions, the effect is especially prominent in y = 0.067 when the strain data is plotted such that the strains at zero field are coincident with the origin. With a faster electric field loading rate, stronger hysteresis is observed in all parameters (i.e. EF is higher while EA is lower). While the range for x33 varying within a full cycle of bipolar electric field stays unchanged for both loading rates, the range for the transverse strain x11 is reduced slightly under the faster loading rate. It is interesting to note that such a frequency effect is also prominent in antiferroelectric thin films. 18 The present work is focused on the change of macroscopic quantities (strain and polarization) as a function of applied electric field in antiferroelectric ceramics. It should be pointed that microscopically these ceramics are characterized by incommensurate modulations with a wavelength around 2 nm. 7, 12, 19, 20 It has been suggested that frustration from the competing ferroelectric ordering and antiferroelectric ordering is responsible for the presence of the incommensurate structure. 19 Previous in situ transmission electron microscopy studies indicate that the incommensurate modulations disappear during the electric field-induced antiferroelectric-to-ferroelectric phase transition. 7, 20 Obviously the abrupt change in strain and polarization during the phase transition is intimately associated with the disappearance of the incommensurate structure in the studied compositions. 
